United States Patent 9

(111 Patent Number: 5,060,651

Kondo et al. [45) Date of Patent: Oct. 29, 1991
[54] ULTRASONIC DIAGNOSTIC APPARATUS 4,759,372 7/1988 Umemura et al. ............. 128/661.01
, o 4,794,929 171989 Maerfeld .. 128/660.07
[75] Inventors: Toshio Kondo, Kunitachi; Yutaka 4,917,097 4/1990 Proudian et al. ...oooocoeve. 128/661.01
Sato, Kashiwa; Hiroshi Masuzawa, . . . .
Kokubunji; Hiroshi Takeuchi, Primary Examiner—Francis Jaworski
Matsudo, all of Japan Assistant Examiner—George Manuel
Attorney, Agent, or Firm—Antonelli, Terry, Stout &
[73] Assignee: Hitachi Medical Corporation, Tokyo, Kraus
Japan
[57] ABSTRACT
[21] Appl. No.: 588,714 An ulirasonic diagnostic apparatus which has a probe
[22] Filed: Sep. 27, 1990 including a plurality of transducer elements made of an
[30] Foreign Application Priority Data electrostrictive material arranged on a plane in two-di-
mensional directions, a bias applying unit for selecting
Oct. 2, 1989 [JP] Japan ... 1-255135 the transducer elements in an arbitrary row in the hori-
[ERUJD T o OO A61B 8/00  zontal direction to be in an operative condition by ap-
[52] US.CL wrcriccnicnenenens 128/660.07; 73/625;  plying the same with a bias voltage, and a switching unit

73/626; 73/628; 128/661.01
...................... 128/660.07, 661.01;
73/623, 625, 626, 628

References Cited

U.S. PATENT DOCUMENTS

[58] Field of Search

[56]

for selecting the transducer elements in at least one
arbitrary column in the vertical direction by applying
the same with a bias voltage, and controls the bias volt-
age applying unit and the switching unit to scan an
ultrasonic beam in the two-dimensional directions to
collect three-dimensional information on a body under
inspection.

4,168,628 9/1979 Vilkomerson ........cc.ee.e... 128/661.01
4,662,222 5/1987 Johnson 128/660.07
4,674,516 6/1987 Hirota et al. .................. 128/661.01 9 Claims, 12 Drawing Sheets
r ~ [L]
= 36
~— &&=
mg:’
IEE
_ ' (1200
55 SCAN CIRCUIT 38 39
\ — § X
- -2 - l | >
12l S g
3 =3 1 @
IRRENREIIE- ko
Sy 1%)--- Sm ') =0 -
Rttt ke R HIE
>aq (@]
. . 53 37
p——
53 2 13 m 52
SIGNAL 2 -
LINES 2 \ |3~
= D
3 ) E S
PROBE , zg S
n 40
35 52 42
CONTROL DISPLAY
LINES

S
4



Sheet 1 of 12 5,060,651

Oct. 29, 1991

U.S. Patent

FIG.

O
M

¢

40123130

aQ wn

|

38 39

d3131TdAWY
NIVO J318VIHVA

1INJHID
ONIH3AIT3A
JATM

—

1iNdJYI10
ONISVHd

o

($)

/J
O
4

DISPLAY

LiNJHI1D
1041NOD

)

42

=

55 SCAN CIRCUIT

o

— o

— |m
iy OF

P

QN My

5

+—0>vo ~m

PROBE

SIGNAL
LINES

S2
CONTROL
LINES

35

4



U.S. Patent Oct. 29, 1991
PT O MOLAR %
o
I b {
¢8|
_|i<-[ -
N
AT 10 20
ELECTRIC
FIELD E
(KV/mm)
PT 10 MOLAR %
&F
1 Z
=
._1*;[*
oL
110 20
ELECTRIC

| FIELD E

Sheet 2 of 12

5,060,651

FIG. 2B

PT 5 MOLAR%

IZATION P

POLAR-

10 20

ELECTRIC
FIELD E

FIG. 2D

PT 15 MOLAR %

POLAR -
- IZATION P
‘\

J 10 20
| ELECTRIC
FIELD E




U.S. Patent Oct. 29, 1991 Sheet 3 of 12 5,060,651

-d
< FIG. 3A
<
Jig 05
35
<Ztt 04
8 03
g2 0.2
m—
BT o]
te 14°C
(&) O — { {
0 200 400
BIAS ELECTRIC FIELD INTENSITY (V/mm)
<
¢ FIG.3B
2
Jui
SO
S
ql.l.
ILLI
32 0.2
i
§SQI -
o O i 1 L
0 200 400

BIAS ELECTRIC FIELD INTENSITY ( V/mm)

FIG. 3C

ELECTROMECHANICAL
COUPLING COEFFICIENT Kt

41°C

200 400
BIAS ELECTRIC FIELD INTENSITY ( V/mm)



U.S. Patent Oct. 29, 1991 Sheet 4 of 12 5,060,651

FIG. 4

0.5

0.4

REMAINING E ECTROMECHANCAL

COUPLING COEFFICIENT Kt
O
AV
T

1 % ]

o0——C Ly

|-
8 9 10 I 12
MOLAR % OF PT (LEAD TITANATE)

O
o
T

ELECTROMECHANICAL
COUPLING COEFFICIENT Kt
O
D
|

o
o

MOLAR % OF PT



U.S. Patent Oct. 29, 1991 Sheet 5 of 12 5,060,651

1.5
5>
§o 1.OF
ate)
gLLI
qf
Y3o0.5r
oY
BLL
4 FREQUENCY 6MHz
O 1 ] 1
0 50 100 150
BIAS VOLTAGE (V)
TRANSMITTING
AND RECEIVING OSCILLOSCOPE
CIRCUIT ] [ i

~43

¥,

‘44}45

/
46 REFLECTING
BODY



U.S. Patent

Oct. 29, 1991

Sheet 6 of 12

FIG. 8

52 1
CONTROL

CABLE 544%9%
ff

53 SIGNAL LINES

W

4

L_

LINES

471

—

-
|

I
|
|
I
!
I

HiFwr

e

I
|
|
l
!

) -3__'"} M

HiHwd yioHwd oo
o]

5,060,651

SOUND B
~ ABSORBING 5 R RN,
MEMBER A AR 35 ProBE
LEAD WIRES 50 >34 757 -
: \5/5 : S 50
CLEMENT AT 48  49ELECTRODE
ELEMENT ELECTRODE



U.S. Patent Oct. 29, 1991 Sheet 7 of 12 5,060,651

FIG. I0A
35, '
47 > S : P
H
Vv m
123 - n > \
—, o,
D 5

Sti




U.S. Patent Oct. 29, 1991 Sheet 8 of 12 5,060,651

FIG. 12

FIG. I3 47

S_tz

St

»
A
SN




U.S. Patent Oct. 29, 1991

FIG. 1S

0 py
35 (LS
r'n|23-__:) 12
47 3

a7

Sheet 9 of 12

5,060,651



U.S. Patent Oct. 29, 1991 Sheet 10 of 12 5,060,651

FIG. I8
PRIOR ART

TRANSMITTING| 4
— PULSE 0
GENERATOR /

- CONTROLLER - S
N 7 e /

+—{ AMPLIFIER DETECTOR DISPLAY

1] 3 ELECTRONIC SWITCHES

oo 2 PROBE
. | TRANSDUCER ELEMENTS
]
' 5 BODY UNDER
INSPECTION

6)
FIG.IO
PRIOR ART
|6 PHASING CIRCUIT

SIGNAL

PROCESSING |7
CIRCUIT k

| | TRANSDUCER
ELEMENTS

14
ELECTRONIC SWITCH



Sheet 11 of 12 5.,060,651

Oct. 29, 1991

U.S. Patent

FIG. 20
PRIOR ART

12

FIG. 2l
PRIOR ART

14a




U.S. Patent Oct. 29, 1991 Sheet 12 of 12 5,060,651

FIG. 22
PRIOR ART
%7 Vyz Vys ('9
,L —I— -T— I8 H TRANSMITTER
Qy 1 I |
. 1 OT:V—" L i RECEIBER
a8 =8 =8
VxI F ||P%;—5' =l L
T T A A 20
=R =8 | -
Vx2 = r%’ F%’
o=+t Jto—1
2l ol n | -
Vx3 /T F%’ T{%’
> M T o — 12
: I A L
FIG.23
PRIOR ART

ELECTRONIC
SWITCHES  9Q

2| PIEZO-ELECTRIC
MATERIAL

24 SIGNAL ELECTRODES



15,060,651

1
ULTRASONIC DIAGNOSTIC APPARATUS

BACKGROUND OF THE INVENTION

This invention relates to an ultrasonic diagnostic
apparatus which has a prove formed of transducer ele-
ments arranged on a plane in two-dimensional direc-
tions and scans, i.e., transmits and receives, ultrasonic
beams emitted from these transducer elements in two-
dimensional directions to collect three-dimensional in-
formation on a body under inspection. The invention
relates more particularly to an ultrasonic diagnostic
apparatus of this kind having a probe made up of an
electrostrictive material which is capable of improving
reliability and image quality and reducing the produc-
tion cost thereof.

An electronic linear scan type ultrasonic diagnostic
apparatus conventionally used in wide application
fields, as shown in FIG. 18, employs a probe 2 made up
of a plurality of narrow rectangular transducer elements
1 arranged in columns. Among these transducer ele-
ments 1, a particular group is solely selected by elec-
tronic switches 3 each coupled to each of the transducer
elements 1 to connect the same to a transmitting and
receiving section. Each time such groups of the trans-
ducer elements thus selected are sequentially changed, a
transmitting pulse generator 4 applies to each of the
transducer elements 1 a high voltage pulse to emit an
ultrasonic beam into a body 5 under inspection, and
then a reflected echo from an objective region is re-
ceived by the same group of the transducer elements 1.
A signal generated by the received echo is amplified by
an amplifier 7 and supplied to a detector 8 which detects
a signal corresponding to the amplitude of the echo
signal. An output signal from the detector 8 is supplied
to a display 9 which performs a luminance modulation
for positions corresponding to an ultrasonic beam emit-
ting position and an echo reflected position of the input
signal from the detector 8. Thus, a two-dimensional
tomographic image of the body under inspection 5 is
displayed on the display 9. A series of the above opera-
tions is performed under control of a controller 10.

Apart from the above-mentioned electronic linear
scan type ultrasonic diagnostic apparatus, there are
practically employed such apparatus which make it
possible to observe tomographic images of a body under
inspection in real time, such as an electronic curved
liner scan (convex scan) type ultrasonic diagnostic ap-
paratus, an electronic sector scan type ultrasonic diag-
nostic apparatus, etc, classified according to ultrasonic
beam scan methods. However, either of them can pro-
vide only one arbitrary tomographic image of a body
under inspection, so that it is necessary to place the
probe 2 (see FIG. 18) a different locations or in different
directions on the surface of the body to derive informa-
tion on other sections, thereby complicating handling of
the apparatus. Also, the above-mentioned conventional
apparatus cannot provide information on two or more
sections simultaneously in real time nor three-dimen-
sional or solid information.

To attend to these problems, there is proposed to
employ a probe including a so-called two-dimensional
array which is formed of multiple small rectangular
transducer elements arranged on a plane in two-dimen-
sional directions, wherein a particular one or plural
transducer elements are selectively operated to scan an
ultrasonic beam in the two-dimensional directions, that
is, to transmit and receive the ultrasonic beam in the
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two-dimensional directions. Such probe employing a
two-dimensional array is discussed in IEEE, Trans.
Sonics and Ultrasonics, SU-5 (September 1980), on
Pages 273 to 280. As shown in FIG. 19, a probe 12 is
made up of transducer elements 11 formed by dividing
a piezo-electric material into small rectangular portions,
and the transducer elements are arranged on a plane in
two-dimensional directions. The transducer elements 11
arranged in a plane are each connected to lead wires 13
which in turn are connected to electronic switches 14
arranged in the two-dimensional directions from which
a plurality of lead wires extend. The probe 12 of FIG.
19 is constructed such that, by selecting and closing the
electronic switches 14 corresponding to the transducer
elements 11 belonging to, for example, a particular row
L indicated by cross-hatching in FIG. 19, the trans-
ducer elements 11 belonging to the particular row L are
connected to the lead wires 15.

In this event, the electronic switches 14 may be
closed so that a sub-group of the transducer elements
group including several adjacent elements 11 solely
transmit and receive an ultrasonic beam, and also signals
from the transducer elements 11 may be delayed by a
phasing circuit 16, so as to provide the ultrasonic beam
with a converging effect. Further, the groups of the
transducer elements 11 for transmitting and receiving
an ultrasonic beam may be sequentially selected by
latitudinally stepping the open/close control of the
electronic switches 14 to perform an electronic linear
scan of the ultrasonic beam. FIG. 20 shows how the
electronic linear scan is performed. Specifically, in a
probe including small rectangular transducer elements
arranged on a plane in two-dimensional directions, an
ultrasonic beam A is transferred, for example, along the
first row xj in the x-direction to perform a first elec-
tronic linear scan. Next, the position of the electronic
switches 19, shown in FIG. 19 is moved, for example, in
the y-direction by a minute distance to transfer the
ultrasonic beam A along the second row x; in the x-
direction, whereby a second electronic linear scan is
performed. A two-dimensional scan is achieved by thus
sequentially moving such operation in the y-direction
by a minute distance to transfer the ultrasonic beam A in
the x-direction. Further, by piling up a plurality of ultra-
sonic tomographic images B in the y-direction, three-di-
mensional ultrasonic information on a body under in-
spection can be provided. A reflected echo signal de-
rived by the above-mentioned electronic linear scan is
delivered through a signal processing circuit 17 shown
in FIG. 19 to a display, not shown.

To achieve a two-dimensional electronic linear scan
by the use of the probe 12 including a two-dimensional
array shown in FIG. 19, it is required to connect each of
the small rectangular transducer elements arranged on a
plane in the two-dimensional directions with each of
lead wires 13, and also connect each of the lead wires 13
with an electronic switch 14a. Also, to dispose the mul-
tiple lead wires 13 and the electronic switches 14a on
the rear side of the transducer elements 11, the elec-
tronic switches 14a each are required to have a sectional
area as small as that of the transducer elements 11.
There is proposed, as shown in FIG. 22 a probe in
which a group of the electronic switches 14a, formed of
a MOS FET integrated circuit including switches Q, is
disposed on the rear side of the transducer elements 11,
and signal lines 18 for selecting a particular one of the
transducer elements 11 by control signals supplied to
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control terminals Vxi, VX3, Vx3, ... and Vyy, Vys, Vys,

. . are introduced from the probe to a transmitter 19
and a receiver 20. However, the probe shown in FIG.
22 has a drawback that a plurality of the transducer
elements 11 cannot be operated simultaneously.

FIG. 23 shows a more specific construction of the
conventional probe schematically shown in FIG. 22.
Narrow grooves 22 are cut longitudinally and latitudi-
nally on one side of a large single piezo-electric material
21 to divide the same into multiple small rectangular
portions which constitute the transducer elements 11.
These transducer elements are each provided on one
and the other side thereof with a common electrode 23
and a signal electrode 24 which are opposite with one
another. The common electrodes 23 are grounded while
the signal electrodes 24 opposite to the common elec-
trodes 23 each have an electrode pad 25 connected to a
contact connector 26 through a sound absorbing mem-
ber 27 which also serves as a support to the transducer
element 11. The contact connectors 26 are each con-
nected to a terminal of each of mulitiple electronic
switches 30 formed on a silicon substrate 29 provided
on a glass plate 28. The electronic switches 30 each
have a control line and a signal output line connected to
an external take-out lead 31 though which control and
output signals are delivered to the outside.

The conventional probes 12 including a two-dimen-
sional array as shown in FIGS. 19 and 23 require muiti-
ple electronic switches 14a or 30 formed of active ele-
ments for changing over transmitting and receiving
signals supplied to the multiple transducer elements, in
which switching noises may cause deterioration in the
display quality. Also, since the sound absorbing member
27 (FIG. 23) serves as a support for the integrated cir-
cuit of the electronic switches 30 fixed thereon, a soft
material or an excessively thin member cannot be em-
ployed therefor. Thus, a soft material having a good
sound absorbing property cannot be freely selected,
which results in insufficient performance of the sound
absorbing member 27.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to
provide an ultrasonic diagnostic apparatus which is
capable of solving the above-mentioned problems, im-
proving the reliability and the display quality and re-
ducing a production cost by decreasing the number of
parts used in a probe.

To achieve the above object, the present invention
provides an ultrasonic diagnostic apparatus which com-
prises:

a probe including a plurality of transducer elements
arranged on 2 plane in two-dimensional directions, the
transducer elements being formed by dividing into
small portions an electrostrictive material which in-
duces a piezo-electric effect by a bias electric field;

electrodes provided on both sides of the transducer
elements;

bias applying means for selectively applying to the
transducer elements a bias voltage in order to arbitrarily
select a row of the transducer elements and operate the
transducer elements in the arbitrarily selected row; and

switches connected with electrodes of the transducer
elements for selectively operating each of the trans-
ducer elements in a direction different from the trans-
ducer element rows, wherein an ultrasonic beam scan is
controlled by the bias voltage applying means and the
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4
switches. The switches are provided outside of the
probe.

In the electrodes provided on both sides of the plural
transducer elements, those on one side are grounded,
while those on the other side belonging to each of plural
columns are connected to a common signal line, and
those belonging to each of plural rows are connected to
a control line for applying a common bias voltage
through a high impedance. This simple circuit arrange-
ment allows the ultrasonic beam from the probe to be
scanned in two-dimensional directions to collect three-
dimensional information on a body under inspection.

Further, a two-dimensional arrangement of the plural
transducer elements of the probe on the surface of a
cylindrical body enables two planes to be scanned and
thereby provides a bi-plane tomographic image.

An electrostrictive material is employed for the trans-
ducer elements, and the transducer elements themselves
are provided with an electro-acoustic transducing func-
tion and a switching function for controlling the trans-
ducing function to be active or inactive, so that an inte-
grated circuit constituting a switching circuit which is
provided on the rear side of the sound absorbing mem-
ber can be removed. Therefore, a sound absorbing ma-
terial having a good sound absorbing property can be
freely selected without limitation, which results in a
significant improvement in the performance of the
sound absorbing member.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a block diagram showing an embodiment of
an ultrasonic diagnostic apparatus according to the
present invention;

FIGS. 2A through 6 are graphs for explaining the
characteristics of an electrostrictive material constitut-
ing transducer elements included in a probe of the pres-
ent invention;

FIG. 7 is an explanatory diagram showing an appara-
tus for experimenting with the characteristics of a probe
made of the electrostrictive material;

FIG. 8 is a perspective view showing the construc-
tion of a probe of the present invention;

FIG. 9 is a circuit diagram showing a circuit arrange-
ment of the probe shown in FIG. 8;

FIG. 10A and FIG. 10B are a perspective view and a
lateral view showing a modified example of the probe of
the present invention;

FIGS. 11 and 12 are explanatory diagrams showing a
scanning condition of an ultrasonic beam by the exem-
plary probe shown in FIG. 10;

FIG. 13 is an explanatory diagram illustrating an
example of applying the probe shown in FIG. 10 to an
intra-luminal probe;

FIG. 14 is an explanatory diagram showing that an
acoustic lens is attached to an external plane of the
transducer elements shown in FIG. 13;

FIG. 15 is an explanatory perspective view showing
another modified example of a probe according to the
present invention;

FIG. 16 is an explanatory diagram showing a scan-
ning condition of an ultrasonic beam by the exemplary
probe shown in FIG. 15;

FIG. 17 is an explanatory diagram showing that an
acoustic lens is attached to an external plane of the
transducer elements shown in FIG. 15; .

FIG. 18 is a block diagram showing a conventionally
employed electronic linear scan type ultrasonic diag-
nostic apparatus;
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FIG. 19 is an explanatory perspective view showing
the principle construction of a probe including a con-
ventional two-dimensional array;

FIG. 20 is an explanatory diagram showing an elec-
tronic linear scan by the probe including the two dimen-
sional array;

FIG. 21 is an explanatory diagram illustrating an
arrangement of electronic switches and lead wires of
the two-dimensional array shown in FIG. 19;

FIG. 22 is a circuit diagram showing that a group of
electronic switches of the probe including the dimen-
sional array is formed of multiple MOS FET switches;
and

FIG. 23 is an explanatory perspective view showing
a specific construction of a probe in which the circuit
arrangement shown in FIG. 22 is implemented.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the present invention will hereinaf-
ter be explained with reference to the accompanying
drawings.

FIG. 1is a block diagram showing an embodiment of
an ultrasonic diagnostic apparatus according to the
present invention. This ultrasonic diagnostic apparatus
is adapted to collect three-dimensional dimensional
information on a body under inspection by scanning an
ultrasonic beam emitted from transducer elements ar-
ranged in two-dimensional directions, and includes a
probe 35, a wave delivering circuit 36, a phasing circuit
37, variable gain amplifier 38, a detector 39, a digital
scan converter (hereinafter called “DSC” for short) 40,
a display 41 and a control circuit 42.

The probe 35, which is adapted to scan an ultrasonic
beam in two-dimensional directions, includes trans-
ducer elements arranged on a plane in a matrix of rows
and columns for transmitting and receiving the ultra-
sonic beam. The wave delivering circuit 36, for deliver-
ing a wave delivering pulse to the probe 35, has, for
example, 1 pulse generators, and is adapted to converge
the ultrasonic beam at a location a predetermined dis-
tance from the probe 35 by providing each channel with
an arbitrary delay time. The phasing circuit 37 is
adapted to receive reflected echo signals (echo signals)
of, for example, | channels received by the probe 35 and
to give a predetermined delay time to the echo signals
to provide a sharp directing characteristic to a signal at
a particular location. The delay times given to the wave
delivering circuit 36 and the respective channels of the
phasing circuit 37 can be controlled by a control circuit
42, later referred to. The variable gain amplifier 38 is
adapted to receive an output signal from the phasing
circuit 37 and compensate for the received signal which
becomes weaker as a reflected echo is generated at a
deeper part of a body under inspection. The detector 39
is adapted to receive an output signal from the variable
gain amplifier 38 and to detect the amplitude of an echo
signal. The DSC 40 is adapted to receive an output
signal from the detector 39, convert the output signal
from an analog form to a digital form, write the digitally
converted signal into a video memory, convert video
data read out of the video memory to a standard televi-
sion signal and output the standard television signal.
‘The display 41 is adapted to receive an output signal
from the DSC 40 and display a tomographic image
formed by reflected echoes of the ultrasonic beams
emitted to a body under inspection. The control circuit
41 is adapted to control a series of operations performed
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6
by the wave delivering circuit 36, the phasing circuit 37,
the variable gain amplifier 38 and the DSC 40.

The probe 35 of the present invention has transducer
elements formed by dividing into small portions a elec-
trostrictive material which induces a piezo-electric ef-
fect by a bias electric field. These plural transducer
elements are arranged in a two-dimensional array in a
plane, and each of them are provided with electrodes on
both sides of the transducer element. Also, the probe 35
is provided with means for selectively applying the
transducer elements with a bias voltage in order to
operate the transducer elements in rows and switches
connected with the electrodes of the transducer ele-
ments for selectively operating each of the transducer
elements in a direction different from the above moving
direction in rows, whereby the ultrasonic beam scan is
controlled.

Next, an electrostrictive material constituting the
transducer elements of the probe will be explained. The
electrostrictive material induces a piezo-electric effect
by a bias electric field, by which its electro-acoustic
transducing efficiency can be controlled, and made of,
for example, a PMN-PT ferroelectric relaxor ceramics,
where PMN represents a substance expressed by the
following chemical formula:

Pb(Mg1/3Nb2/3)03

and PT represents a substance (lead titanate) expressed
by the following chemical formula:

PbTiO;3

Such electrostrictive material constituted of the
PMN-PT ceramics is described in detail in “Material for
Ultrasonic Probe” for the seventh meeting of Applied
Ferroelectric Materials and Applications (from May 31
to June 2, 1989), and has characteristics as explained
below.

In the PMN-PT ceramics, electric field to polariza-
tion hysteresis curves measured with samples including
0 to 15 molar percent of PbTiOs3 (lead titanate, hereinaf-
ter written “PT” for short) at a room temperature are as
shown in FIGS. 2A to 2D. It can be seen from the
experimental results that the hysteresis is small in the
vicinity of ten molar percent of PT, wherein a relatively
low electric field E can induce polarization P in a simi-
lar level to a strong electricity inducing phase. Consid-
ering the utility of the case where the electrostrictive
material including this PMN-PT ceramics is applied to
a probe for an ultrasonic diagnostic apparatus, the elec-
tromechanical coupling coefficient Kt may be evalu-
ated which is induced by a bias electric field intensity
below 400 V/mm with respect to an applicable voltage.
Specifically, a larger coefficient Kt shows a higher
sensitivity.

FIGS. 3A to 3C show variations of the electrome-
chanical coupling coefficient Kt when a material in-
cluding ten molar percent of PT, after maintained at 70°
C., is applied with an increasing and decreasing direct
current bias voltage at temperatures of 14° C., 22° C.
and 41° C., respectively. FIG. 3A shows that the coeffi-
cient Kt remains by applying the bias voltage, which is
therefore called “a strong dielectric phase”. FIG. 3C
shows that the coefficient Kt does not remain even by
applying the bias voltage, so that this is called “a normal
dielectric phase”. Further, FIG. 3B shows an intermedi-
ate condition between the phases shown in FIGS. 3A
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and 3C. Thus, an electrostrictive material employing a
mild ferroelectric substance having a phase transition
temperature in the vicinity of room temperature has the
electromechanical coupling coefficient Kt largely var-
ied by temperature, however, it is desirable for practical
use that the coefficient Kt is not varied by temperature.
When an optimal composition of a material for a probe
is examined in consideration of the above-mentioned
property, it is desired that no electromechanical cou-
pling coefficient Kt remains in a range of usable envi-
ronmental temperature, as shown in FIG. 3C. It can be
said from FIG. 3C that a material including ten molar
percent of PT may be applied to practical use if a probe
made of such material is always used at a temperature of
approximately 40° C.

Next, FIG. 4 shows the relationship between the
electromechanical coupling coefficient Kt remaining in
the above electrostrictive material after being subjected
to a bias electric field intensity of 400 V/mm and the
molar concentration of PT in the electrostrictive mate-
rial, with the temperature being a parameter. As can be
understood from FIG. 4, an electrostrictive material
including PT at a molar concentration below nine molar
percent can realize no remaining Kt in a temperature
range between 20° C. and 40° C. Further, FIG. 5 shows
the relationship between the electromechanical cou-
pling coefficient Kt induced by applying the electro-
strictive material with a bias electric field intensity of
400 V/mm and the molar concentration of PT in the
electrostrictive material, with the temperature being a
parameter. It is understood from FIGS. 4 and 5 that it is
an electrostrictive material including nine ‘molar per-
cent that presents no remaining coefficient Kt and the
largest coefficient Kt when it is subjected to a bias volt-
age in a temperature range between 20° C. and 40° C.
When such material is subjected to a bias electric field
intensity of 400 V/mm at a temperature of 20° C., the
coefficient Kt is approximately 0.5, which is the same
characteristic as that obtained by PZT as a piezo-elec-
tric material employed in current ultrasonic diagnostic
apparatus, so that it is assumed that a similar sensitivity
to that presented by PZT is obtained by the electrostric-
tive material including nine molar percent of PT. From
the above discussion, it is understood that an electro-
strictive material constituted of properly composed
PMN-PT ceramics can realize a probe which is capable
of controlling the electro-acoustic transducing effi-
ciency by a bias electric field without employing active
elements.

FIG. 6 is a graph showing an experimental result with
respect to a probe made of an electro-strictive material
constituted of the above-mentioned PMN-PT ceramics.
This experiment employs a probe 45 including, for ex-
ample, a disk-shaped transducer 43 attached to the front
surface of a rear braking member 44. As shown in FIG.
7, the probe 45, which is being subjected to a direct
current bias voltage, is driven to emit an ultrasonic
beam to substantially perfect reflecting body 46 made of
flat metal plates placed under water. A reflected echo
from the reflecting body 46 is received by the probe 45,
thus making an experiment of transmitting and receiv-
ing an ultrasonic beam according to a pulse echo
method. The relationship between the bias voltage ap-
plied to the probe 45 and a voltage generated from a
reflected echo received by the probe 45 is as shown in
FIG. 6. Specifically, when the bias voltage is zero, the
received voltage is also zero. As the bias voltage is
increased, the received voltage is also increased. It is
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8

thus understood that the electro-acoustical conversion
efficiency can be controlled by a bias voltage.

Based on the above discussion, the present invention
employs, as a material constituting the transducer ele-
ments of the probe 35 shown in FIG. 1, an electrostric-
tive material in which a piezo-electric effect is induced
by a bias voltage and the electroacoustical conversion
efficiency is controlled also by the bias voltage. This
electrostrictive material is divided into muitiple rectan-
gular portions, each of which forms a transducer ele-
ment 47. These multiple transducer elements 47 are
arranged in a two-dimensional array in a plane and each
is provided with electrodes 48, 49 on the respective
sides thereof, thus constructing the probe 45. The elec-
trodes 4 disposed on the front side of the transducer
elements 47 are commonly connected to the ground,
while the other electrodes 49 disposed on the rear side
are each connected to the lead wires 50 which are taken
out backward through the sound absorbing member 51
disposed on the rear side.

The multiple transducer elements 47 constituting the
probe thus constructed has a circuit arrangement as
shown in FIG. 9. Specifically, the multiple transducer
elements 47 are arranged, for example, in a matrix of m
(in the vertical direction) x n (in the horizontal direc-
tion). The transducer elements 47 aligned in rows in the
horizontal direction are commonly connected to re-
spective control lines 52 through sufficiently large resis-
tors R, while the respective transducer elements 47
aligned in columns in the vertical direction are com-
monly connected to respective signal lines 53. There are
provided n of the control lines 52. It is possible to in-
crease the electromechanical coupling coefficient Kt of
the transducer elements 47 aligned in a particular row in
the horizontal direction by applying a bias voltage to
the control line 52 connected to the particular line. It is
also possible to decrease the electromechanical cou-
pling coefficient Kt of the transducer elements aligned
in a particular row to zero by removing the bias voltage.
Therefore, the transducer elements 47 aligned in a par-
ticular row in the horizontal direction can be controlled
to be active or inactive as electro-acoustic transducing
elements by turning on and off the bias voltage applied
to the control lines 52. In other words, it is possible to
effect the same operation as the example shown in FIG.
19 in which the transducer elements 11 belonging to a
particular line L are allowed to transmit and receive an
ultrasonic beam. The resistor R having a high resistance
value is an element for providing a higher impedance
than the load of the transducer elements so as to protect
transmitting and receiving signals from flowing through
the control lines 52 to the transducer elements 47 ar-
ranged in the horizontal direction.

Also, there are m signal lines 53 through which a
transmitting signal voltage is supplied to and a received
signal voltage is delivered from the transducer elements
47 aligned in the columns in the vertical direction. This
arrangement allows the transducer elements to sequen-
tially scan the ultrasonic beam from one end to the other
end in a particular row activated by the bias voltage
from the control line 52. Thus, the probe 35 of the pres-
ent invention shown in FIGS. 8 and 9 can perform the
same operations as the conventional probe shown in
FIG. 19. Incidentally, in FIG. 9, the control lines 52 and
the signal lines 53 are collected in a single cable 54
which is taken out of the probe 35.

The control lines 52, as means for applying a bias
voltage for operating the transducer elements 47 of the
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probe 35 in rows, are controlled by the control circuit
42 shown in FIG. 1. On the other hand, the signal lines
53 are connected to a scan circuit 55 which serves as
means for selecting the respective transducing elements
4 in a direction different from the moving direction in
rows and controlling the scanning of the ultrasonic
beam. The scan circuit 55 includes, for example, m
electronic switches Sy, S, . . ., Sm which are connected
to m of the signal lines 53, respectively. Then, by clos-
ing, for example, 1 adjacent ones of the electronic
switches S; to Sm, 1 transducer elements 47 in the direc-
tion different from the row direction are selected as a
group. Further, by sequentially changing over 1 elec-
tronic switches one by one, the transducer elements 47
in the selected group can be changed over one by one.
It is therefore possible to perform a stepping scan of the
ultrasonic beam in a particular row of the transducer
elements.

A series of the above-mentioned operations per-
formed by the scan circuit 55 are controlled by the
control circuit 42. By the above-mentioned operations,
it is possible to perform a two-dimensional scan by
sequentially moving the electronic linear scan in the
x-direction by a minute distance along the y-direction.

FIGS. 10A and 10B are respectively a perspective
view and a lateral view for explaining an modified ex-
ample 35 of the probe 35 according to the present in-
vention. The modified probe 35' has a sound absorbing
member 51’ formed as a half cylindrical body, as shown
in FIG. 10A, and multiple transducer elements 47 are
arranged on a convex plane in the circular arc direction
of the curved plane and in the direction of the central
shaft 0 of the cylindrical body (longitudinal direction).
In this arrangement, the transducer elements 47 are
aligned in the first to (n)th rows along the longitudinal
direction as a sound absorbing member 51’ formed of
the half cylindrical body. In this alignment, a bias volt-
age is applied through the control lines 52 only to p
adjacent transducer elements 47 in the n rows of the
transducer elements 47 to select the same for operation.
In this event, the position in a group of the p transducer
elements 47 can be sequentially moved one by one
under control of the control lines 52 which applies the
bias voltage to the transducer elements 47, whereby a
scan in the row direction can be performed. Meanwhile,
a scan in the column direction is performed by control-
ling the m electronic switches S;—Sm shown in FIG. 1,
as described above, where the ultrasonic beam is
scanned in and reaction indicated by an arrow u, as
shown in FIG. 10B, in the same manner as a conven-
tional sector scan performed by a so-called convex type
probe.

The ultrasonic beam emitted into a body under in-
spection by the above-mentioned scan in the two direc-
tions is such as shown in FIG. 11. A scan plane St
indicates a first scan plane formed by a sector scan
performed by the transducer elements 47 belonging to a
circular arc direction which are selected by applying
the bias voltage to the transducer elements 47 in the first
to (p)th rows. Also, another scan plane Stn indicates a
(n)th scan plane formed by a sector scan performed by
the transducer elements 47 in the last p rows including
the (n)th row which are selected by applying the same
with the bias voltage. Between the first scan plane St;
and the (n)th scan plane Stn there are formed multiple
sector type scan planes by which a solid scan region St
is formed and thereby three-dimensional information on
a body under inspection can be collected.
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FIG. 12 is an explanatory diagram showing another
scan region formed by the operation of the probe 35,
the construction of which is shown in FIG. 10. In this
event, the signals generated by the transducer elements
47 aligned in the direction of the central axis of the
sound absorbing member 51 formed of a half cylindrical
body shown in FIG. 10A are all employed and arranged
in phase to control the direction of the ultrasonic beam,
that is, a sector scan by a so-called phased array is per-
formed. Meanwhile, the transducer elements 47 aligned
in the circular arc direction of the curved surface of the
sound absorbing member 51’ are controlled to perform
a linear scan by controlling the bias voltage. FIG. 12
shows a scan region formed by the above-mentioned
two-dimensional scan. In this example, information on a
three-dimensional space defined by the first sector type
scan plane St; and the (n)th scan plane Stn can be col-
lected.

FIG. 13 is an explanatory diagram showing an exam-
ple of applying the probe 35’ shown in FIGS. 10A and
10B to an intraluminal probe 55. In this application
example, the central axis O of the sound absorbing
member 51’ shown in FIG. 10A is directed to the longi-
tudinal direction of the intraluminal probe 55, and the
circular arc direction of the curved surface is directed
to the direction of the convex surface of the intralu-
minal probe 55, thereby forming the probe 55. Such
arrangement makes it possible to form a first sector type
scan plane St by the phased array and a second sector
type scan plane St; by the same operation as a convex
type probe. Thus, the probe 55 can provide scan planes
in two orthogonal planes, that is, the first scan plane St;
on the x-z plane and the second scan plane St on the y-z
plane. Therefore, by alternating formation of tomo-
graphic images on the scan planes St; and St; at a high
speed, a bi-plane tomographic image can be produced
which allows the operator to observe tomographic
images in orthogonal directions at the same position in
real time. In this event, if two scan planes which are not
orthogonal to one another are selected, two tomo-
graphic images in two different directions with one
another may be produced.

In the above application example, the ultrasonic beam
emitted from the transducer elements 47 is allowed to
perform a converging action if the probe 55 is provided
with an acoustic lens 56 which is mounted on a plane
outside a section of the y-z plane of the transducer ele-
ments as shown in FIG. 14. The acoustic lens 56 may be
made of a material in which the acoustic velocity is
higher than in a body under inspection. Also, the acous-
tic lens 56 is formed such that the radius of curvature of
the outer surface is larger than that of the inner surface.
The provision of such converging action can improve
the bearing discrimination of the ultrasonic beam.

FIG. 15 is a explanatory perspective view showing a
further modified example (35") of the probe 35 accord-
ing to the present invention. The probe 35" of this modi-
fied example has a sound absorbing member 51" formed
of a cylindrical body on which the multiple transducer
elements 47 are aligned in the circumferential direction
of the curved surface of the sound absorbing member
51" and the direction of the central axis O of the cylin-
drical body. In this arrangement, the transducer ele-
ments 47 are disposed in the first row to the (n)th row
along the longitudinal direction of the cylindrical sound
absorbing member 51" and in the first column to the
(m)th column along the circumferential direction. Each
group of the transducer elements 47 aligned in the rows
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are connected to the control line 52, and each group in
the columns are connected to the signal line 53, in the
same manner as the arrangement shown in FIG. 9. To
perform a radial scan along the circumference by thus
connected signal lines 53, a group of, for example 1
adjacent transducer elements 47 are first selected under
control of the electronic switches S;—Sm shown in
FIG. 1, such group of the transducer elements 47 for
transmitting and receiving the ultrasonic beam is se-
quentially moved along the circumferential direction.
Incidentally, the position with respect to the central axis
O of the cylindrical sound absorbing member 51 for the
radial scan is controlled to be sequentially moved by the
bias voltage applied from the control lines 52 to the
transducer elements 47 in the row direction. Therefore,
a radial scan plane formed by the above operation is
obtained by performing a linear scan from a top end
radial scan plane R; to a bottom end radial scan plane
R; along the central axis O of the generally cylindrical
probe 35". In this example, a diagnostic region in a body
under inspection is defined by a cylindrical space V
between the radial scan planes R and R;. In this condi-
tion, if a scan line in a particular direction, for example,
a scan line L in the top end radial scan plane R; is
linearly scanned along the Z axis, a linear scan plane in
the particular direction can be formed. Thus, an arbi-
trary radial scan plane or linear scan plane in the space
V, shown in FIG. 16, can be formed by the above-men-
tioned operations.

In the above modified example, if an acoustic lens 56',
made of a material in which the acoustic velocity is
lower than in a body under inspection, for example,
silicon rubber and having a convex section, is attached
to an outer peripheral surface of a section including the
central axis O of the probe 35", the ultrasonic beam
emitted from the transducer elements 47 is allowed to
perform a converging action. The provision of such
converting action can improve the bearing discrimina-
tion of the ultrasonic beam in a linearly scanning direc-
tion. The modified probe 35" shown in FIG. 15 is par-
ticularly effective in realizing an intraluminal scan for a
region including the rectum.

We claim:

1. An ultrasonic diagnostic apparatus comprising:

(a) a probe including a plurality of transducer ele-
ments made of an electrostrictive material arranged
in two-dimensional directions so as to form an
n X m matrix of rows and columns;

(b) bias applying means for selecting transducer ele-
ments in an arbitrary row by applying a bias volt-
age thereto so that said selected transducer ele-
ments are rendered in an operative condition;
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(c) switching means for selecting transducer elements
in at least one arbitrary column by applying a bias
voltage thereto;

(d) means for controlling said bias voltage applying
means and said switching means to scan an ultra-
sonic beam in the two-dimensional directions of
said n X m matrix; and

(e) means for collecting three-dimensional informa-
tion on a body under inspection based on echo
signals received in response to said two-dimen-
sional scan.

2. An ultrasonic diagnostic apparatus according to
claim 1, wherein each of said transducer elements is
provided with a respective electrode on opposite sur-
faces thereof, said electrode on a first surface being
grounded, said electrode on a second surface being
connected to a high impedance and said bias voltage
applying means.

3. An ultrasonic diagnostic apparatus according to
claim 2, wherein said electrodes on said first surface of
said transducer elements aligned in each row are con-
nected through said high impedance to a common con-
trol line extending from said bias voltage applying
means, and said electrodes on said second surface of
said transducer elements aligned in each column are
connected to a common signal line extending from said
bias voltage applying means.

4. An ultrasonic diagnostic apparatus according to
claim 1, wherein said matrix of transducer elements is
disposed on a cylindrical surface with the rows aligned
in the circumferential direction of the surface and the
columns aligned in the axial direction thereof.

5. An ultrasonic diagnostic apparatus according to
claim 4, wherein said switching means has means for
forming scan planes in two different directions, and said
means for collecting three-dimensional information
includes means for collecting information on bi-plane
tomographic images.

6. An ultrasonic diagnostic apparatus according to
claim 1, wherein said probe is formed of said plural
transducer elements aligned in two-dimensional direc-
tions and disposed at least on a partial cylindrical sur-
face.

7. An ultrasonic diagnostic apparatus according to
claim 1, wherein said probe is an intraluminal probe.

8. An ultrasonic diagnostic apparatus according to
claim 1, wherein said probe has an acoustic lens made of
a material in which acoustic velocity is higher than said
body under inspection.

9. An ultrasonic diagnostic apparatus according to
claim 1, wherein said probe has an acoustic lens made of
a material in which acoustic velocity is lower than said

body under inspection.
* * * * *



